Abstract: This paper studies the performance of mixed millimeter-wave radio-frequency (mmWave RF), free-space optics (FSO) systems in a highly scalable and cost-effective solution for fifth-generation (5G) mobile backhaul networks. The mmWave RF and FSO fading channels are, respectively, modeled by the Rician and the generalized Málaga (M) distributions. The effect of pointing errors due to the misalignment between the transmitter and the receiver in the FSO link is also included. Novel accurate closed-form expressions for the cumulative distribution function, the probability density function, and the moment generating function (MGF) in terms of Meijer's G functions are derived. Capitalizing on these new results, we analytically derive precise closed-form expressions for various performance metrics of the proposed system, including the outage probability, the average bit error rate (ABER), and the average capacity. Additionally, new asymptotic results are provided for the outage probability, the MGF, and the ABER in terms of simple elementary functions by applying the asymptotic expansion of the Meijer's G function at high signal-to-noise ratios (SNRs). Numerical results further validate the mathematical analysis by Monte-Carlo simulations.
Introduction
With the rapid proliferation of Internet mobile devices, the fifth-generation (5G) of cellular networks is predicted to achieve 1000 times the system capacity, 10 times the spectral/energy efficiency, 10-100 times the data rate, and 25 times the average cell throughput, compared to the fourth-generation (4G) networks [1] . To increase the network capacity, the inevitable trend is the deployment of ultradense networks with a large number of smaller cells. The massive data traffic from small cells shall be connected to the core network through the backhaul network with extreme requirements in terms of capacity, latency, reliability, energy efficiency, and cost effectiveness.
Currently, the most viable solution for such a backhaul network is to use optical fiber (OF) together with millimeter-wave radio frequency (mmWave RF) links [2] , [3] . In ultra-dense cellular networks however, the mmWave RF interference issue may arise, and the mmWave RF capacity, in some cases, may not be enough for the 5G requirements. In addition, installation of OF is sometimes limited due to the high cost, especially in ultra-dense environment, or even impossible because of the restriction on cable installation. Free-space optics (FSO) technology, which is able to offer a vast bandwidth (comparable to that of OF) over flexible and cost-effective free-space links, therefore can be an effective alternative to both OF and mmWave RF [4] , [5] .
Our argument is that none of the above-mentioned technologies can be a stand-alone solution for the next-generation backhaul network. OF is still the suitable choice for upper-tier connections, whereas mmWave RF and FSO are more preferable for the high-density small cells. A hybrid architecture, as depicted in Fig. 1 , utilizing both wired (OF) and wireless (mmWave/FSO) connections is therefore proposed for cost-effective, highly scalable, and high-capacity backhauling in 5G cellular networks. More specifically, Fig. 1(a) shows the standard deployment of mmWave RF and OF to connect a macro cell with multiple micro cells to the backhaul network [2] . Alternatively, in Fig. 1(b) , OF is replaced by FSO link when, for example, it is not possible to deploy OF. In addition, FSO can also be used for the links to micro cells with high capacity demands and/or for relaxing RF interference issue in ultra-dense cases. In this hybrid architecture, different types of subsystems, including OF/FSO, OF/RF, FSO/FSO, RF/RF, and FSO/RF, have been studied in the literature and their performance analysis has been reported (see [6] - [8] and references therein).
Our study focuses on the mixed RF/FSO sub-system in the hybrid architecture. As a matter of fact, there have been many studies on the performance of mixed RF/FSO systems, including very recent papers of [9] - [12] and references therein. In particular, Zedini et al. considered heterodyne/direct detection mixed RF/FSO systems over Nakagami-m and Gamma-Gamma channels, respectively [9] , [12] . The mixed RF/FSO systems, in which generalized M -distributed channel was assumed for FSO, was investigated in [10] and [11] ; and in both studies, the classical Rayleigh channel was assumed for RF links. It is nevertheless evident that the Rician fading channel is more suitable model when evaluating mmWave propagation due to the presence of the line-of-sight (LOS) component [13] , and that it could be reduced to the Rayleigh fading model and mapped by the Nakagami-m distribution [14] . In this paper, we therefore employ the Rician and Málaga fading channel models for RF and FSO links, respectively, in the performance analysis of mixed mmWave RF/FSO systems using subcarrier intensity modulation (SIM) scheme with direct detection. Similar to Rician model, the Málaga (M) can also be considered as the generalized fading model for FSO which provides an excellent fit to the experimental data and represents most of the existing atmospheric turbulence channel models, including log-normal, Gamma-Gamma, K and Exponential models, as its special cases. In addition, to determine the reliability of FSO links in high density urban areas, the impact of pointing errors is also included in the analysis. Our contributions in the paper are twofold. First, we newly derive closed-form expressions for the probability density function (PDF), the cumulative distribution function (CDF), and the moment generating function (MGF) in terms of Meijer's G functions. Capitalizing on these novel accurate results, closed-form expressions for various performance metrics of the proposed system including the outage probability, the average bit error rate (ABER), and the average capacity are derived. In addition, the asymptotic results under high signal-to-noise ratios (SNRs) are provided for the outage probability, the MGF, and the ABER in terms of simple elementary functions by utilizing the asymptotic expansion of the Meijer's G function. Second, various performance metrics of the proposed system are thoroughly discussed under different channel conditions. We find that the combined effect of atmospheric turbulence and pointing errors significantly degrades the system performance and the quality of the mmWave RF link is of great importance in the overall system.
System Model
In the considered system model, as shown in Fig. 2 , the source node (S) communicates with the destination node (D) via an intermediate relay node (R). The S-R and R-D hops use mmWave RF and FSO links, respectively; and in the context of mobile backhaul network, (S), (R) and (D), respectively, could be a remote antenna unit (RAU), a baseband unit (BBU) and a remote radio head (RRH). We consider the fixed-gain AF relaying scheme, i.e., the relay simply amplifies the signal by multiplying it with a fixed gain, regardless of the magnitude of the input signal. The mmWave RF link is assumed to follow a Rician distribution. On the other hand, the FSO link is modeled as the M fading channel. As a crucial criteria to determine the reliability of FSO links, the effect of pointing errors due to the misalignment between the transmitter and the receiver in the FSO link is also taken into account by using the model developed in [15] .
The signal received at (R), which was transmitted from (S) through the mmWave RF link, is given as
where x is the transmitted signal from (S), n SR is the additive white Gaussian noise (AWGN) with zero-mean and variance σ 2 SR , and h SR represents the channel coefficient of the mmWave RF link. The SIM scheme is employed at (R) where a standard RF modulator and demodulator are used for transmitting and recovering the source transmitted data [16] . After filtering via a bandpass filter, a direct current (DC) bias is added to the RF signal to ensure the non-negativity of the optical signal. This bias signal is then amplified with a fixed-gain G and led to a continuous wave laser driver. Thus, the output of the optical at (R), denoted as y R , can be written as y R = G (1 + ηy SR ), where η is the electrical-to-optical conversion coefficient. The optical signal is eventually forwarded to the destination (D) through the atmosphere of the FSO channel. After removing the DC component, the complex signal received at (D) can be written as
where h RD is the channel coefficient of the FSO link, and n RD denotes the zero-mean AWGN noise with variance σ 2 RD . From (2), the instantaneous received SNR at (D), denoted as γ e2e , can be written as
where
are the instantaneous SNRs of the mmWave RF and FSO links, and
. Assuming that the fixed-gain G can completely compensate the noise resulted from the RF link, we can set C = 1 [17] .
mmWave RF Channel Model
The channel coefficient of the RF link can be described as h SR = a 1 h 1 , where a 1 and h 1 denote the average power gain and fading gain of the RF link, respectively, and the average power gain of the RF link can be given by
where G T and G R are the transmit and receive antenna gains, respectively; λ 1 is the wavelength of the RF system; L 1 is the transmission distance of the RF link; and α oxy and α rai n are the attenuations caused by oxygen absorption and rain, respectively [18] . The fading gain, h 1 , is modeled by Rician distribution with the PDF given by [14, p. 21] . According to [14, p. 420] , the PDF of the instantaneous SNR received at (R) of the RF link, denoted as γ 1 , is given by
where K is the Rician factor (K ≥ 0) 1 that depends on various link parameters, such as link distance or antenna height;γ 1 is the average SNR of the mmWave RF link, I 0 is the 0th-order modified Bessel function of the first kind [19] . Furthermore, its CDF can be expressed as
where Q 1 (·, ·) is the Marcum Q 1 -function [14] . To facilitate our calculation, alternative expressions in terms of the infinite series representations of the PDF and the CDF for the Rician fading model adopted from [8] , [20] are used 2 . By applying [8, (8) and (10)], (5) and (6) can be, respectively, rewritten as
. In Fig. 3 (a) and (b), we compare the PDFs and the CDFs of the Rician distribution for the exact expressions in (5) and (6) and the approximations in (7) and (8) . As a result, we have the following observations.
Observation 1: The expressions of the PDF and CDF in (7) and (8) contain the infinite summation which results from the use of the infinite series representations for the Bessel I 0 (·) and the Marcum Q 1 functions. However, for a given value of K andγ 1 , the infinite summation is convergent with a finite truncation. For example, as can be seen in Fig. 3 (a) and (b), the expressions in (7) and (8) are convergent with 10 to 20 summation terms when K = 6 dB and K = 10 dB, respectively.
Observation 2: The effect of the channel parameter K on the SNR γ 1 can be also seen from Fig. 3(a) . The decrease of K spreads the distribution as it is the shape parameter and controls the steepness of the tail of the PDF. On the other hand, the height of the distribution decreases with an increase in the value of the parameterγ 1 since it is the scale parameter and determines the scale or the height of the distribution. As a result, any change in the channel parameters affects the tail probabilities, which are of great importance as the tail of the distribution defines the error performance.
FSO Channel Model
The channel coefficient of the FSO link can be described as h RD = a 2 h 2 h p , where a 2 , h 2 , and h p denote the channel loss, atmospheric turbulence-induced fading coefficient, and pointing error coefficient of the FSO link 3 , respectively. The channel loss a 2 is caused by both the geometric spreading of the optical beam and the atmospheric attenuation.
Channel Loss
The value of loss due to the geometric spreading can be obtained as a function of the area of the receiver aperture A and the angle of divergence θ. In addition, the path loss of laser power through the atmosphere is described by the exponential Beers-Lambert's Law. Hence, a 2 can be provided
2 with a is the diameter of the receiver aperture, α att denotes the attenuation coefficient in km −1 , and L 2 is the transmission distance of the FSO link [21] .
M Atmospheric Turbulence Model
The M-distribution statistically models an FSO channel taking into account three components: 1) a LOS component U L , 2) a component U C S which is coupled to the U L and quasi-forward scattered by the eddies on the propagation axis, and 3) U G S component which is due to energy that is scattered 3 It is assumed that the fading coefficient is normalized so that the mean intensity of the propagating wave is conserved, i.e., E[|h 2 | 2 ] = 1, with E[·] is the statistical expectation.
to the receiver by off-axis eddies. The PDF of h 2 ∼ M (α, β, ρ, τ, ) can be given as [22] , [23] 
where K ψ (·) is the modified Bessel function of the second kind and order ψ , with ψ= α − k. Corresponding to channel h 2 , the positive parameter α represents the effective number of large scale cells of the scattering process, β is a natural number that represents amount of turbulence-induced fading 4 . Other parameters in (9) are expressed as follows:
Here, 2b 0 is the average power of total scattered component (i.e., U 
Pointing Errors Models
The statistical characterization of the pointing error impairments with zero boresight effects is given in [15] , where a Gaussian spatial intensity profile is assumed for the beam waist. Thus, the PDF of the pointing error coefficient h p is given as
where A 0 is a constant term defining the pointing loss given by
, where ε is the radius of the detection aperture, and w z is the beam waist. ξ is the ratio between the equivalent beam radius at the receiver and the pointing error displacement standard deviation (jitter) at the receiver (i.e., when ξ → ∞, (13) corresponds to the non-pointing errors case).
Composite Atmospheric Channel Model
The joint distribution of h RD = a 2 h 2 h p can be derived as
By applying simple random variable transformation on (9) and using (14), we obtain the PDF of
where G and following the result for the IM/DD detection technique case obtained in [24] , the PDF of γ 2 can be derived as
where μ =
is the electrical SNR of (16), andγ 2 is the average electrical SNR of the FSO link.
Statistical Characteristics of The End-to-end SNR, γ e2e

Cumulative Distribution Function
The CDF of the end-to-end instantaneous electrical SNR γ e2e can be expressed as
With the help of (8) and the binomial expansion in [19, eq. (1.111)], (17) can be rewritten as
Now, some manipulations are made in (18) by using the Meijer's G function representation of an exponential function as [25, eq. (11) ] and the identity to invert the argument in the Meijer's G-function as [19, eq. (9.312)], we then have
Substituting (16) and (19) into (18), with the help of [25, eq. (21)], (18) can be solved in a closed-form expression as
where 1 
, m}. 5 The Meijer's G function provides a simple and tractable mathematical solution and can be easily computed using standard software packages such as Mathematica and Matlab.
Asymptotic Analysis: Using [26, eq. (07.34.06.0006.01)], whenγ 2 → ∞, the asymptotic expression for the CDF in (20) at high SNR can be derived in terms of basic elementary functions as
where u,v represents the vth-term of u , with u ∈ {1, 2}, v ∈ {i , j}.
Probability Density Function
The PDF of γ e2e can be derived by differentiating (20) 
After some mathematical manipulations, the PDF of γ e2e can be expressed in a closed-form expression in terms of the Meijer's G functions as
From (23), the closed-form expression of f γ e2e can be further simplified as
Moment Generating Function
Using integration by parts, the MGF of γ e2e can be expressed in terms of the CDF of γ e2e as
Substituting (20) into (25), with the help of [19, eq. (3.310) ], [25, eq. (11)], and [25, eq. (21) ], the MGF can be written as 
Remarks
It is noted that the single-fold infinite summation in (20), (24), and (26), is widely accepted in the literature as a closed-form solution due to the increased computational capabilities of the current standard software packages such as Matlab or Mathematica. In addition, since the summands in (20) , (24), and (26) decay exponentially with the increase of l and n due to the factors
, only a finite number of terms will be sufficient to guarantee a high accuracy of the summation.
Performance Analysis
Outage Probability
The outage probability is an important performance metric for evaluating wireless systems over fading channels. At a given transmission rate R b , the outage probability can be defined as P out = Pr(C(γ) < R b ), where C(γ) is the instantaneous capacity of the channel, and γ is the instantaneous SNR. Since C(·) is a monotonically increasing function with respect to γ, the outage probability can be obtained as
where γ th = C −1 (R b ) is the predetermined threshold SNR required to support the data rate R b . In AF relaying, as the relay node simply scales the received signal without any decoding, the outage probability of the system is also defined as the probability that the end-to-end instantaneous SNR γ e2e falls below the threshold γ th . Hence, based on (3), the end-to-end outage probability of the considered system can be expressed as
Substituting (20) into (29), the closed-form expression for the outage probability of the considered system can be obtained. Furthermore, the asymptotic approximation of the outage probability can be obtained by substituting γ th for γ in (21).
Average BER
In this subsection, the BER of the mixed mmWave RF/FSO system is derived for the SIM-based Mary quadrature amplitude modulation (M -QAM), and M -ary phase shift keying (M -PSK) under the impact of pointing errors. It is well known that the BER of M -PSK and M -QAM signal constellations over an AWGN channel can be expressed as a linear summation of the Gaussian Q -function
2 /2 dt. Therefore, in order to evaluate the error performance of M -ary modulation schemes over a fading channel, we need to evaluate integrals of the form
where ϑ depends on the modulation type [27] . Using the result in [28] , (30) can be expressed in terms of the CDF of the SNR as
Making the change of variable x = t 2 , (31) can be expressed as 
. Substituting (34) and (35) into (33), the closed-form expressions for the ABER of the considered system using M -PSK and M -QAM can be obtained, respectively.
Asymptotic Analysis: Using [26, eq. (07.34.06.0006.01)] whenγ 2 → ∞, the asymptotic expression for the ABER in (33) at high SNR can be derived in terms of basic elementary functions as
Average Capacity Analysis
It is well-known that the atmospheric turbulence over FSO links is slow in fading. Since the coherence time of the channel is in the order of milliseconds (ms), turbulence induced fading remains constant over a large number of transmitted bits [29] . Without any delay constraints, if the codeword extends over at least several atmospheric turbulence time, which allows coding across both deep and and shallow fade channel realizations, the fast fading regime can be assumed. The average capacity, in this context, is the expectation with respect to the gains of the instantaneous capacity [30] . In this subsection, we provide a lower-bound average capacity formula by using the complementary CDF (CCDF)-based approach asC
where F c γ e2e
is the CCDF of γ e2e [9] . With the help of [31] ,
can be expressed in terms of the Meijer's G function as G 
Numerical Results
For the FSO channel, we use the similar set of turbulence parameters for M channels as in [22] - [24] . In particular, (α = 2.296, β = 2), (α = 4.2, β = 3), and (α = 8, β = 4) for strong, moderate, and weak turbulence conditions. Other parameters for M channels include = 1.3265, b 0 = 0.1079, φ 1 − φ 2 = π/2. It is noted that ρ = 1 (then τ = 0, = 1) corresponds to the special case of GammaGamma distribution. As for the RF channel, the Rician factor K = 6 dB is used. 7 The effect of pointing errors is investigated in two cases when ξ = 1 and ξ = 6 [36] .
The outage probability performance of the considered system versus the average SNR per hop (i.e.,γ 1 =γ 2 ) under the combined effect of various atmospheric turbulence conditions and pointing errors is investigated in Fig. 4 (a) with ξ = 1 (i.e., strong pointing errors) and Fig. 4 (b) with ξ = 6 (i.e., weak pointing errors). It is first confirmed that analytical results are perfectly matched with M-C simulations. It is seen in Fig. 4(a) that severe pointing errors combined with the atmospheric turbulence significantly deteriorates the outage performance of the system. Especially, under the impact of strong turbulence and pointing errors with ξ = 1, the outage can only reach to 10 −4 even when the system operating in the high SNR regime (e.g., 50 dB). On the other hand, in Fig. 4(b) , as the effect of pointing errors becomes weaker, e.g., ξ = 6, the outage probability can be lowered to 10 −5 when the turbulence is strong and the system is in the high SNR regime. Additionally, in both Fig. 4(a) and (b) , the asymptotic results at high SNR are also provided along with the analytical ones. It can be observed that the asymptotic expression, which utilizes the Meijer's G function asymptotic expansion, converges to the exact result in the high SNR regime. This proves the tightness of the derived asymptotic approximation. 6 It is noted that the EGBMGF cannot be directly computed by current versions of standard software packages such as Matlab and Methematica. In general, it must be computed by its definition in terms of the double Mellin-Barnes type integrals [32, eq. (1)]. With the help of [33] - [35] , the two-fold Mellin-Barnes integral can be accurately evaluated by Mathematica and Matlab, respectively. The use of EGBMGF as a closed-form solution has been widely accepted in the literature. 7 Obtained from experimental results of 28 GHz directional small-scale fading measurements with vertical-to-horizontal antenna polarization configurations, the K factor is selected in the range of 3 to 7 dB [13] . When the SNR of each hop is different (γ 1 =γ 2 ), Fig. 5(a) and (b) illustrate the outage probability versus the average SNRs of the mmWave RF and FSO links under the impact of moderate atmospheric turbulence and pointing errors. It is observed in both figures that the performance of the considered system is better when the average SNR of the RF link (γ 1 ) is larger than that of the FSO link (γ 2 ). Fig. 5(a) and (b) also reveals that strong pointing errors significantly degrade the outage performance of the overall system. In Fig. 6 (a) and (b), assumingγ 1 =γ 2 , the ABER performance of systems using BPSK and QAM schemes for varying effects of atmospheric turbulence and pointing errors is illustrated. Also, it is seen that analytical results are perfectly matched with M-C simulations. There are two important observations that can be deduced from these figures. First, as expected, the impact of strong atmospheric turbulence results in a worse ABER performance. Specifically, compared to systems operating under the impact of weak turbulence, the performance loss of about 7 dB and 11 dB [in Fig. 6(a) ], and 6 dB and 10 dB [in Fig. 6(b) ] at the ABER of 10 −6 when ξ = 1 and ξ = 6, respectively, can be seen. Second, as the effect of pointing errors decreases (ξ → ∞), the respective performance is considerably improved. For instance, when ξ increases from 1 to 6, the attained ABER performance gain is approximately 10 dB and 14 dB [see Fig. 6(a) ], and 9 dB and 13 dB [in Fig. 6(b) ] at the ABER of 10 −6 under strong and weak turbulence conditions, respectively. In addition, the asymptotic results further confirm the tightness of the derived asymptotic approximation in the high SNR regime.
Finally, Fig. 7 (a) and (b) depict the average capacity of the considered system under the effect of various turbulence conditions and pointing errors.γ 1 is assumed to be equal toγ 2 . It can be observed that the achievable average capacity is increased when the atmospheric turbulence is relaxed. Furthermore, the pointing errors exert a considerable effect on the average capacity. More specifically, when the pointing errors become weaker, the average capacity increases (i.e., when ξ is increased, the average capacity becomes higher).
Conclusion
In this paper, the outage probability, the ABER performance, and the average capacity of mixed mmWave RF/FSO systems over Rician and M fading channels were theoretically analyzed. The considered system could be a high-capacity, scalable and cost-effective backhaul solution for the 5G mobile networks. New closed-form expressions for the outage probability, the ABER performance, and the average capacity of the proposed system under various channel conditions were analytically derived. In addition, we derived asymptotic expressions at high SNR regime for the outage probability and the ABER by utilizing the Meijer's G function asymptotic expansion. Our numerical results confirmed that the combined effect of atmospheric turbulence and pointing errors severely degrades the system performance and the quality of the mmWave RF link is of great importance in the overall system performance.
